transcriptional regulators (Dlx2, Evi1), among other genes (Cdkn2b, Igf1, IL-6). Protein levels of TGF-␤ receptor II , Smad2, Smad1/5/8, phospho-Smad1/5/8, and Smurf1 were increased from control values post-TAA induction. Both TGF-␤ receptor I and Smad4 were decreased from control values, while ALK-1 levels remained unchanged. Conclusions: These alterations in the TGF-␤ pathway suggest a mechanism by which primary signaling is switched from a TGF-␤ R I /Smad2-dependent response, to an ALK-1/Smad1/5/8 response, representing a significant change in signaling outcome, which may enhance matrix degradation.
Introduction
Thoracic aortic aneurysms (TAAs) develop through a multifactorial process involving both intracellular and extracellular mechanisms [1, 2] . The signaling pathways driving these mechanisms cause maladaptive remodeling of the vascular extracellular matrix (ECM), ultimately leading to an increased propensity for dilatation, dissection, or rupture of the aortic wall [3, 4] . ECM remodeling is influenced by mechanisms that balance both matrix deposition and matrix degradation, suggesting that within the aneurysmal aorta this balance is disrupted in favor Key Words TGF-␤ ؒ Aneurysm ؒ Signal transduction ؒ Extracellular matrix ؒ Remodeling Abstract Objective: Thoracic aortic aneurysms (TAAs) develop by a multifactorial process involving maladaptive signaling pathways that alter the aortic vascular environment. Transforming growth factor-beta (TGF-␤ ) has been implicated in regulating the structure and composition of the extracellular matrix by differential activation of various intracellular signaling pathways. However, whether and to what degree TGF-␤ signaling contributes to TAA development remains unclear. Accordingly, the hypothesis that alterations in TGF-␤ signaling occur during aneurysm formation was tested in a murine model of TAA. Methods: TAAs were surgically induced in mice (C57BL/6J) and aortas were analyzed at predetermined time points (1, 2, and 4 weeks post-TAA induction). Quantitative real-time PCR (QPCR) was performed to evaluate the expression of 84 relevant TGF-␤ superfamily genes, and the protein levels of key signaling intermediates were measured by immunoblotting. Results were compared to unoperated reference control mice. Results: QPCR revealed increased expression of TGF-␤ superfamily ligands (Gdf-2, -6, -7, Inhba), ligand inhibitors (Bmper, Chrd, Gsc), and of enhanced proteolysis [4, 5] . Previous studies have principally focused on the dysregulation of specific extracellular protease systems, such as the matrix metalloproteinases (MMPs), hence little information exists regarding the upstream signaling pathways that drive aneurysm development.
One upstream signaling protein known to alter the structure and composition of the ECM, and known to play an important role in vascular remodeling, is transforming growth factor-beta (TGF-␤ ) [6, 7] . TGF-␤ is a member of a superfamily of ligands and receptors that include the TGF-␤ s, bone morphogenetic proteins (BMPs), and the activins/inhibins. These soluble peptide growth factors are produced by multiple cell types and participate in a wide array of cellular responses, such as proliferation, angiogenesis, differentiation, apoptosis, and wound healing [8, 9] . TGF-␤ is probably best known for its role in collagen synthesis related to fibrotic disease [10] . The classical profibrotic TGF-␤ signaling pathway is initiated upon binding of ligand to the type II TGF-␤ receptor (TGF-␤ R II ). The type II receptor is autophosphorylated and then recruits and transphosphorylates a type I receptor (TGF-␤ R I ). The activated type I receptor in turn activates a receptor-Smad (RSmad). The R-Smad then binds the common co-Smad and translocates to the nucleus. Once in the nucleus, it binds transcriptional co-factors and forms an activated transcriptional complex; this leads to the induction of target genes that favor matrix deposition [11] . The complexity of this signaling pathway is conferred by the presence of over 30 different functional ligands, 5 different type II receptors, 7 different type I receptors, and 8 different Smad proteins [12, 13] . Additionally, there are known alternative signaling events that are mediated by type II TGF-␤ receptors in the absence of type I receptors, type I receptors in the absence of R-Smads, and interactions between activated R-Smads and other intracellular signaling proteins independent of the co-Smad [14, 15] . Furthermore, the TGF-␤ signaling response can be modified based on the activation of other intracellular signaling pathways.
Previous studies have implicated altered TGF-␤ signaling in the pathogenesis of TAAs. For example, in Marfan syndrome type-1, enhanced TGF-␤ pathway activation was associated with aneurysm formation secondary to the fibrillin-1 mutation; whereas in MFS type-2 and Loeys-Dietz syndrome, mutations in both TGF-␤ receptors were associated with aneurysm development [16] [17] [18] . Additionally, familial thoracic aortic aneurysms and dissections have also been associated with the expression of mutated TGF-␤ receptors [19] . Interestingly, in all cases, alterations in TGF-␤ signaling were associated with aortic pathology leading to degenerative changes within the aortic vascular ECM.
Because of the role that TGF-␤ is known to play in regulating the structure and composition of the ECM it was hypothesized that alterations in TGF-␤ signaling occur during aneurysm formation. Thus, using a unique murine model of TAA, the present study had two objectives. The first was to assess altered gene transcription in aortic tissues during the early stages of aneurysm development. To concentrate specifically on the role of TGF-␤ signaling, a commercially available pathway-focused polymerase chain reaction (PCR) gene expression profiling array was used, which provided analysis of 84 established TGF-␤ /BMP-inducible genes. The second objective was to extend the gene profiling results by analyzing, at the protein level, key signaling intermediates in the TGF-␤ pathway. Together, these data provide a framework that begins to define the role of TGF-␤ signaling in the early stages of aortic dilatation during aneurysm formation.
Methods

Experimental Design
The present study examined 56 C57BL/6J mice (males: 56%); 3 groups of mice underwent TAA induction surgery with terminal points at 1 week (n = 12), 2 weeks (n = 15), and 4 weeks (n = 13) post-TAA induction. The descending thoracic aortas were excised and processed accordingly for histology, gene expression profiling, and immunoblotting studies. Results were compared to age-matched unoperated mice (no TAA induction; n = 16) which served as a reference control group. All animals were 8 to 12 weeks of age at the time of the initial surgical procedure. This animal protocol was approved by the Medical University of South Carolina Institutional Animal Care and Use Committee (ARC #2146), and all mice were treated and cared for in accordance with the National Institutes of Health's 1996 guidelines for the care and use of laboratory animals.
Operative Procedure
Murine TAAs were induced as previously described [20] . Mice were anesthetized by nose-cone with 2% isoflurane. The descending thoracic aorta was exposed and a sponge soaked in 0.5 M calcium chloride was placed on the peri-adventitial surface for 15 min. The chest was closed in layers and the mice were allowed to recover.
Terminal Surgical Procedure, Aortic Harvest
At terminal study, the mice were again anesthetized using 2% isoflurane and the initial incision was reopened. The descending thoracic aorta was carefully excised and either snap-frozen and stored at -80 ° C for later analysis, or placed into RNALater solu-TGF-␤ Signaling in Murine TAAs 
Aortic Diameter Measurements and Architecture
Aortic outer diameter measurements were made as previously described [21] . Paraffin-embedded formalin-fixed aortic tissue sections (4 m) were stained with hematoxylin and eosin (H&E) for general architecture, Verhoeff-Van Gieson for elastin fibers, and picrosirius red (PSR) for collagen content.
PCR-Based TGF-␤ /BMP Pathway-Focused Gene Expression Profiling
Six mice were used for pathway-focused gene expression profiling studies [2-week TAA-induced mice (n = 3) vs. unoperated reference control mice (n = 3)]. The tissue specimens were homogenized in buffer RLT (RNeasy Kit) using a rotor-stator type tissue grinder and total RNA was extracted using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Inc., Valencia, Calif., USA) according to the manufacturer's instructions, including both Proteinase K and DNase digestion steps. The isolated RNA was assessed for quality and quantity using the Experion Automated Electrophoresis System (Bio-Rad Laboratories, Hercules, Calif., USA). High-quality RNA (1 g) was reverse transcribed using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories). The remaining total RNA was stored at -80 ° C and the freshly generated cDNA was immediately used for polymerase chain reaction-based gene expression profiling using the TGF-␤ /BMP Pathway-Focused RT . Negative controls were run to verify the absence of genomic DNA contamination (no reverse transcription control), and the absence of overall DNA contamination in the PCR system and working environment (no template control). Fold change in gene expression was determined using the ⌬ ⌬ Ct method.
Immunoblotting
Resected aortic tissue specimens [1 week (n = 12), 2 weeks (n = 12), and 4 weeks (n = 12); reference controls (n = 12)] were homogenized in cold acidic extraction buffer, and the relative abundance of TGF-␤ pathway components was determined using standard immunoblotting techniques [22] . Briefly, 10 g of each aortic homogenate was fractionated on a 4-12% Bis-Tris gradient polyacrylamide gel (Invitrogen Corp., Carlsbad, Calif., USA) and transferred to nitrocellulose membrane (0.45 m; Bio-Rad Laboratories). The membranes were incubated with specific antibodies (0.4 g/ml in 5% non-fat dry milk/PBS) for key components of the TGF-␤ pathway (TGF-␤ 1, TGF-␤ 2, TGF-␤ 3, TGF-␤ R II , TGF-␤ R I , Smad2, pSmad2, Smad 1/5/8, pSmad1/5/8, Smad4, and Smurf1; Cell Signaling Technology Inc., Danvers, Mass., USA, and ALK-1; Santa Cruz Biotechnology, Inc, Santa Cruz, Calif., USA), and positive immunoreactivity was identified by chemiluminescence detection (Western Lighting Chemiluminescence Reagent Plus; Perkin Elmer, Shelton, Conn., USA) following exposure to film (Hyperfilm; GE Healthcare, Piscataway, N.J., USA).
Data Analysis
All statistical procedures were carried out using the Stata statistical package (Intercooled Stata v8.2; StataCorp LP, College Station, Tex., USA). Change in aortic diameter was expressed as a percentage increase (mean 8 SEM) from baseline value in each mouse and significant changes were determined using one-sample mean comparison testing versus a fixed value of 100. Comparisons between groups were made using ANOVA with Tukey's wholly significant difference post-hoc analysis. In both cases, p ! 0.05 was considered significant.
Fold change in gene expression was performed using the ⌬ ⌬ Ct method, and expressed as the ratio of 2-week TAA to the unoperated reference control. Statistical differences in mean Ct values between treatment groups were determined using a two-tailed Student's t test; p ^ 0.05 was considered significant.
Immunoblotting results were quantitated by densitometric image analysis (Gel Pro Analyzer; Media Cybernetics, Silver Spring, Md., USA). Protein abundance was expressed as a percentage increase or decrease as compared to reference controls (mean 8 SEM) set at 100%. Statistical differences were determined using one-sample mean comparison test versus a fixed value of 100. Differences between groups were determined using ANOVA with Tukey's wholly significant difference post-hoc analysis. Values of p ! 0.05 were considered significant.
Results
Aortic Diameter Measurements and Architecture
Aortic diameter measurements revealed a progressive increase in aortic diameter, consistent with the early stages of TAA formation ( fig. 1 a) . Histologically, at 4 weeks post-TAA induction flattening of the elastic lamellae and thinning of the aortic wall were evident as early indicators of aneurysm formation ( fig. 1 b) .
PCR-Based TGF-␤ /BMP Pathway-Focused Gene Expression Profiling
Transcriptional activity was assessed in response to the activation of TGF-␤ /BMP signaling pathways by quantitative real-time PCR-based gene expression profiling. Expression results were obtained from 3 unoperated reference control mice and three 2-week TAA mice ( table 1 ). Of the 84 TGF-␤ pathway-focused genes assessed, 22 genes were induced in the 2-week TAA group by at least 2-fold, and 12 of those genes displayed a significant increase in mean Ct value as compared to the unoperated controls (p ^ 0.05; fig. 2 ). Of the genes induced at least 2-fold, 8 were TGF-␤ superfamily ligands, 5 were ligandbinding proteins or inhibitors, 5 were downstream effector genes, 3 were transcriptional regulators, and 1 was a B-cell lineage marker.
Analysis of Key TGF-␤ Pathway Components
In addition to gene expression profiling, classical TGF-␤ pathway components were assessed at the protein level by immunoblotting. Of the 3 TGF-␤ ligands measured (TGF-␤ 1, TGF-␤ 2, and TGF-␤ 3), only TGF-␤ 3 was detectable and demonstrated a significant decrease from control levels at 2 weeks post-TAA induction, with no significant change observed at 1 week or 4 weeks ( fig. 3 ) . The TGF-␤ R II was increased from reference control values at 2 weeks and 4 weeks post-TAA induction ( fig. 4 a) , while TGF-␤ R I was decreased from reference controls at 2 weeks and 4 weeks ( fig. 4 b) . The abundance of a second type I TGF-␤ receptor, ALK-1, did not change from control levels over the time course studied ( fig. 4 c) . The TGF-␤ signaling intermediate Smad2 was elevated from reference control values at all time points post-TAA induction ( fig. 5 a) , while phosphorylated-Smad2 was detectable at very low levels, but was not significantly different from control at any time point (data not shown). Smad1/5/8 was significantly elevated from reference control at 2 and 4 weeks post-TAA induction ( fig. 5 b) , and a significant increase in Smad1/5/8 phosphorylation (pSmad1/5/8) was observed at 4 weeks ( fig. 5 c) . The co-Smad (Smad4) was significantly decreased from reference control values at all time points post-TAA induction ( fig. 6 ). The TGF-␤ -induced E3 ubiquitin ligase, Smad ubiquitination regulatory factor-1 (Smurf1), was significantly elevated from reference control values at all time points post-TAA induction ( fig. 7 ).
Discussion
Dysregulation of the TGF-␤ signaling pathway has been identified as a primary genetic defect in several disorders leading to the development of ascending aortic aneurysms [16] [17] [18] [19] . However, paradoxical discoveries implicating both enhanced TGF-␤ signaling and loss of TGF-␤ receptor kinase function have obfuscated a clear functional role for TGF-␤ in TAA formation. In an effort to better define TGF-␤ signaling in TAA development, the present study examined changes in the TGF-␤ signaling pathway during the early stages of aortic dilatation in a unique murine model of TAA. Using pathway-focused gene expression profiling and targeted protein analysis, the unique findings from this study revealed transcriptional activation of several established TGF-␤ /BMP-responsive genes that coincided with a down regulation of several key signaling components within the classical TGF-␤ pathway. Together these data suggest that the termination of Smad2-mediated signaling, determined inpart by the degradation of TGF-␤ R I , may enhance signaling by ALK-1/TGF-␤ R II and stimulate matrix degradation leading to TAA development.
To better understand the molecular changes accompanying aneurysm formation, TGF-␤ /BMP pathwayfocused gene expression profiling was performed comparing mRNA isolated from 2-week TAA specimens to a cohort of unoperated reference controls. Genes that displayed a 2-fold or better change in expression, or genes that displayed a significant difference as determined by t test were categorized into 5 groups based on previously reported protein function (TGF-␤ superfamily ligands, ligand inhibitors, TGF-␤ effector genes, transcriptional regulators, and other; table 1 ).
Several genes encoding TGF-␤ superfamily ligands were elevated in the 2-week TAA tissues, including growth differentiation factors (Gdf) 2, 6, and 7, along with the activin/inhibin ␤ -A chain. These ligands have been implicated in a wide array of functions, including embryonic development, differentiation, and bone formation, as well as elastin and type I collagen expression [23, 24] . Interestingly, the present study suggests that activin (composed of homo-or hetero-dimers of the inhibin ␤ A-or ␤ B-subunits) may be produced during aneurysm formation, which is consistent with a previous report demonstrating activin production in response to vascular injury and remodeling [25] . In addition, several ligand regulatory proteins also displayed elevated mRNA levels. The BMP-binding endothelial regulator (Bmper) was elevated greater than 2-fold and functions to inhibit BMP signaling. Additionally, chordin (Chrd), which binds and sequesters BMPs in latent complexes, and its functional regulator Goosecoid (Gsc) were significantly expressed over control. These data, combined with the elevated expression levels of BMP-9 (Gdf-2), and a 2.36-fold elevation of BMP-2, suggest that activation of the BMP signaling pathway may play a significant role in aortic dilatation and aneurysm formation. In fact, treatment of C2C12 fibroblasts with BMP-2 has previously been shown to result in the potent induction of MMP-13 and concomitant repression of TIMP-1 [26] , both of which would serve to enhance TAA formation in the present model system. Together, the regulation of ligand expression and signaling may serve to stimulate other signaling pathways that contribute to aneurysm development or drive a process of differentiation capable of altering the phenotype of resident vascular cells. Evidence of functional signaling through the classical TGF-␤ pathway is supported by results showing elevated mRNA levels of several downstream effector genes. Cyclin-dependent kinase 4 inhibitor/p15 (Cdkn2b) was elevated 2-fold over control and has been implicated in regulating TGF-␤ -induced cell cycle arrest [27] . Additionally, expression of the type I and type III fibrillar collagens was also elevated, though none of the mean Ct values reached statistical significance (Col1a1, 3.32-fold; Col1a2, 2.92-fold; Col3a1, 4.91-fold). While this provides evidence that the TGF-␤ signaling pathway is intact, the unexpected lack of induction of other well described TGF-␤ inducible genes such as plasminogen activator inhibitor type 1 (PAI-1, 1.27-fold decrease) was not observed. This may suggest that signaling through the classical TGF-␤ pathway (Smad2/3-mediated) has been re directed through an alternate Genes induced 2 weeks post-TAA induction pathway that shares regulation of some genes (e.g. Smad1/5/8).
Several transcriptional regulators also displayed increased mRNA expression in 2-week TAA specimens. The mouse homolog of the drosophila distal-less homeobox gene (Dlx2) was significantly induced almost 13-fold over reference control values; representing the largest increase in mRNA expression measured in these specimens. Dlx2 has been previously identified as a downstream target of TGF-␤ and BMP-2 signaling, and other Dlx family members have been shown to directly interact with Smad4 and inhibit transcription of TGF-␤ super- family-induced genes [28, 29] . Thus, the robust induction of Dlx2 mRNA may represent a mechanism to attenuate Smad4-dependent signaling responses during TAA development. In addition, the mRNA induction of the ectropic virus integration site-1 gene (Evi1) and Runt-related transcription factor-1 (Runx1), both function as transcriptional co-repressors, and may also serve to attenuate TGF-␤ -induced transcription of specific genes [9, 30, 31] . Interestingly, Runx1, which was elevated 2.3-fold over reference control values but failed to reach statistical significance, has previously been demonstrated as a repressor of tissue inhibitor of metalloproteinase-1 (TIMP-1) transcription; its function would thus serve to lower TIMP-1 levels and enhance matrix degradation [30] . Previous work by this laboratory has demonstrated that the targeted deletion of TIMP-1 alone is sufficient to accelerate aortic dilatation and TAA formation in this murine model [32] .
Two other genes, insulin-like growth factor 1 (Igf1) and interleukin 6 (IL-6), also displayed elevated expres- sion in the 2-week TAA specimens. While it has previously been shown that both genes can be induced in response to TGF-␤ [33] [34] [35] , they are both regulators of major signaling pathways that have potential to modify TGF-␤ signaling responses. Interestingly, IL-6 has been shown to enhance TGF-␤ signaling by increasing receptor segregation into clathrin-containing endosomes that are recycled to the plasma membrane [36] . Furthermore, increased IL-6 protein levels were identified in aortic tissue samples from patients with abdominal aortic aneurysms (AAA), and increased circulating levels of IL-6 were identified in patients with AAA and TAA [37, 38] . Moreover, studies in other cell types demonstrated that in vitro treatment with IL-6 can enhance cell motility [39] , and induce the expression and secretion of several MMPs, including MMP-9 [40, 41] . This may provide a mechanism to explain MMP-9 induction in endogenous cells associated with early aortic dilatation during murine TAA formation [21] , and may indicate that altered TGF-␤ signaling in this model is associated with increased matrix degradation.
Together, these transcriptional changes reflect a program that stimulates production of alternate TGF-␤ superfamily ligands and regulators that could redirect signaling through pathways that lead to enhanced matrix degradation; potentially mediated by the induction of MMP-9/MMP-13 and repression of TIMP-1. Moreover, implications for the inhibition/repression of Smad4-mediated transcription may also indicate that Smad-independent pathways participate in this response.
In order to further define a role for altered TGF-␤ signaling in aneurysm formation, key signaling intermediates within the classical TGF-␤ pathway were measured at the protein level. The unique findings revealed an increase in TGF-␤ R II , while TGF-␤ R I and Smad4 protein levels were decreased over the time course of the study. This was accompanied by an increase in Smad2, with no change in Smad2 phosphorylation, suggesting that TGF-␤ R I /Smad2-mediated signaling is inhibited during the early stages of aortic dilatation. Because TGF-␤ has been shown to induce production of specific E3-ubiquitin ligases (Smurf1, Smurf2), and because TGF-␤ R I and Smad4 have previously been described as substrates for Smurf1 [42, 43] , Smurf1 protein abundance was measured in the TAA samples and found to be robustly elevated at all time points post-TAA induction. Thus, the elevated levels of Smurf1 may in part be responsible for the loss of TGF-␤ R I and Smad4 during TAA formation. Together, this suggests that the loss of classical profibrotic TGF-␤ signaling may result in an altered balance between matrix deposi- tion and matrix degradation, favoring enhanced matrix degradation within the vascular wall.
In addition to TGF-␤ R I , a second type I receptor, ALK-1, is capable of interacting with TGF-␤ R II and signaling in response to TGF-␤ [12, 13] . Interestingly, ALK-1 levels remained unchanged at all time points post-TAA induction. Thus, the combined effect of decreased TGF-␤ R I protein levels, unchanged levels of ALK-1, and increased abundance of TGF-␤ R II , may result in an increase in ALK-1/TGF-␤ R II heteromeric receptor complexes. Whereas the activation of TGF-␤ R I results in Smad2/3 phosphorylation, the activation of ALK-1 results in the phosphorylation of Smad1/5/8 [44, 45] . Accordingly, Smad1/5/8 levels were measured and demonstrated to be elevated at 2 weeks and 4 weeks post-TAA induction. Furthermore, Smad1/5/8 phosphorylation was significantly increased at 4 weeks. Thus, these data suggest that the systematic down-regulation of TGF-␤ R I /Smad2 signaling may give way to increased signaling through ALK-1/ Smad1/5/8 and thereby alter the response to TGF-␤ during TAA development. This represents a significant change in signaling outcome, as ALK-1-mediated responses often occur in opposition to TGF-␤ R I responses [46, 47] . In fact, ALK-1 signaling has been identified as an antagonistic mediator of TGF-␤ R I signaling [48] . Interestingly, TGF-␤ R I and ALK-1 play important roles in angiogenesis [46, 49] , and defects in these receptor signaling pathways have been associated with vascular pathology [49, 50] . Because cell migration and angiogenesis require the production and release of MMPs [51] , it is interesting to speculate that activation of ALK-1 may induce angiogenic factors that contribute to the degradation of the vascular ECM in aneurysm development. Indeed, enhanced angiogenesis has been implicated in the development of abdominal aortic aneurysms [52] [53] [54] .
Mapping complex signaling pathways by gene expression profiling and immunoblotting is not accomplished without encountering several limitations. First, because the pathway-focused gene expression profiling studies were performed using a limited cohort of mice, experimental variation in the small population could misrepresent significant results. To attempt to circumvent this, data were reported for genes that were expressed greater than 2-fold, or genes that displayed a significant difference in mean Ct value from control. Furthermore, because there are many post-transcriptional and post-translational modifications that regulate protein abundance, alterations in mRNA levels may not necessarily translate to alterations at the protein level. Additional studies will be required to verify that altered gene transcription truly correlates with altered protein production and abundance. Second, care should be taken when comparing the protein levels of 2 different signaling intermediates analyzed by immunoblotting. All results were expressed as a percent change from reference control, therefore the relative difference in protein abundance between analytes (e.g. TGF-␤ R I and ALK-1) cannot be inferred from the present results. Moreover, many members of the TGF-␤ superfamily were not measured directly and may significantly contribute to alterations in the vascular ECM during aneurysm formation. Last, each major cell population within the aortic vascular wall (endothelial cells, smooth muscle cells, and fibroblasts), is capable of responding to TGF-␤ ligands, and may not respond in the same fashion. Spatiotemporal autocrine and paracrine responses may influence the other cell types present in the local environment. Hence, future experiments will be required to determine the critical cell types involved and at what point intervention is capable of restoring the homeostatic balance between matrix degradation and matrix deposition.
Nevertheless, the present report demonstrates increased transcriptional activation of several well established TGF-␤ /BMP-inducible genes, which coincides with altered protein levels of key classical TGF-␤ pathway components. Together these data imply that alterations in TGF-␤ signaling are associated with aortic dilatation during the early stages of aneurysm development, and suggest a mechanism by which primary signaling is switched from a TGF-␤ R I /Smad2 mediated response, to an ALK-1/Smad1/5/8 response that is capable of inducing matrix degradation. Additional studies using pathwayspecific knockout strategies or specific pharmacologic inhibitors to further delineate the specific roles of each signaling arm are required. Advancing our understanding of TGF-␤ signaling and the role of this enigmatic pathway during TAA development may therefore identify potential therapeutic targets capable of inhibiting aortic dilatation or even reversing aneurysm disease.
